We present a multi-wavelength analysis of five submillimeter sources (S 1.1mm = 0.54-2.02 mJy) c 2014. Astronomical Society of Japan.
Introduction
Determining the contributors of dust-obscured galaxies to the cosmic star-formation rate density (cosmic SFRD) is a major goal of deep surveys at far-infrared, millimeter, submillimeter, and radio wavelengths. In fact, deep surveys using the Infrared Space Observatory (ISO), AKARI, and the Herschel Space Observatory (Herschel) have revealed that dusty starforming galaxies largely dominate the cosmic SFRD up to the redshift z ≈ 1-3 (e.g., Takeuchi et al. 2005; Goto et al. 2011; Burgarella et al. 2013) .
Over the past decade, a series of wide-area surveys performed at millimeter/submillimeter wavelengths using singledish telescopes have revealed many bright submillimeter galaxies (SMGs) (e.g., Smail et al. 1997; Hughes et al. 1998; Barger et al. 1998; Blain et al. 2002; Greve et al. 2004; Weiß et al. 2009; Scott et al. 2010; Hatsukade et al. 2011; Casey et al. 2013; Umehata et al. 2014 , and references therein) with observed flux densities larger than a few mJy at millimeter/submillimeter wavelengths. They have large total infrared (IR; rest-frame 8-1000 µm) luminosities (LIR ∼ 10 12−13 L⊙) powered by dustobscured star formation (e.g., Alexander et al. 2005; Laird et al. 2010) , and their redshift distribution peaks are at z ≈ 2.2-2.5 (e.g., Chapman et al. 2005; Simpson et al. 2014) . Their extreme star formation rates (SFRs > ∼ a few 100-1000 M⊙yr −1 ) make them non-negligible contributors to cosmic star formation (e.g., Hughes et al. 1998; Casey et al. 2013; Wardlow et al. 2011; Swinbank et al. 2014) . However, the contribution of SMGs detected by single-dish surveys to the infrared extragalactic background light, which is believed to be the integrated infrared emissions from all extragalactic sources along the line of sight, is 20-40% at 850 µm (e.g., Eales et al. 1999; Coppin et al. 2006; Weiß et al. 2009 ) and 10-20% at 1.1 mm (e.g., Hatsukade et al. 2011; Scott et al. 2012) . Thus, the bulk of infrared extragalactic background light remains unresolved with single-dish telescopes.
By using stacking analysis of K-selected galaxies, Greve et al. (2010) found that these galaxies contribute ≃ 16.5% to the infrared extragalactic background light at 870 µm, although individual source properties remained unexplored in this stacking analysis.
The advent of the Atacama Large Millimeter/submillimeter Array (ALMA), which offers high sensitivity and angular resolution capabilities, has allowed a fainter population of SMGs to be unveiled below the confusion limit of single-dish telescopes. Here, we refer to the fainter population of SMGs with flux densities of ∼ 0.1-1 mJy at 1.1-1.3 mm as "faint SMGs." Their estimated contributions to the infrared extragalactic background light are ≃ 50%-80% (Hatsukade et al. 2013; Ono et al. 2014; Oteo et al. 2016) . Deeper number counts down to ∼ 0.02 mJy have recently obtained by Carniani et al. (2015) and Fujimoto et al. (2016) , who claimed that ∼ 100% of the infrared extragalactic background light is resolved at 1.2-1.3 mm. These results suggest that faint SMGs can play an important role in the cosmic star-formation activities at high redshifts. However, their contributions to the cosmic SFRD are still unknown because of the lack of redshift information.
Single-dish telescopes have been used in attempts to detect faint SMGs with the aid of gravitational magnification by lensing clusters. For example, Knudsen et al. (2008) constrained the faint end (S850µm ≃ 0.1 mJy) of the 850 µm number counts by using cluster magnification. Chen et al. (2014) performed follow-up observations of these lensed faint SMGs by using the submillimeter array (SMA; Moran 1998) and implied that there are many faint SMGs that are faint at optical/near-infrared wavelengths and have been missed in deep optical/near-infrared surveys. In lens surveys, however, the effective sensitivity comes at the cost of a reduced survey volume; the effective (source-plane) area within sufficient magnification for faint SMG detection is only ∼ 0.1 arcmin 2 for a typical rich cluster (Knudsen et al. 2008) . 1 This also increases the cosmic variance uncertainty (e.g., Robertson et al. 2014) . Therefore, it is still necessary to obtain wide (> 1 arcmin 2 ) and deep (1σ < ∼ 0.1 mJy) blank/unlensed field surveys at a higher angular resolution to gain a better understanding of faint SMGs and their true contributions to the cosmic SFRD.
Another key issue to understand galaxy evolution is the star formation properties of galaxies. Star-forming galaxies have a correlation between their stellar masses and SFRs, which is defined as a main sequence (e.g., Daddi et al. 2007; Rodighiero et al. 2011 Rodighiero et al. , 2014 Schreiber et al. 2015) . Main sequence starforming galaxies are "normal" star-forming galaxies selected by optical/near-infrared colors [e.g., BzK galaxies, typical specific SFRs (sSFRs) ∼ 1 Gyr −1 at z ∼ 1.4-2.5; Rodighiero et al. (2011) ]. However, outliers of the correlation exist with higher sSFRs than those of main sequence star formation galaxies (sSFRs > ∼ 10 1 -10 2 Gyr −1 at z ∼ 1.4-2.5; Rodighiero et al. 2011 ).
These outliers are often referred to as starburst galaxies. Many bright SMGs are classified as starburst galaxies or the highmass end of main sequence galaxies (e.g., Takagi et al. 2008; da Cunha et al. 2015) . However, it is not understood whether faint SMGs are on or above the main sequence because the stellar masses of these faint SMGs have not yet been measured. Understanding the star-forming properties of faint SMGs is also helpful to unveil the evolution of the cosmic SFRD because they are thought to be the main contributor to the infrared extragalactic background light (e.g., Carniani et al. 2015; Fujimoto et al. 2016) .
In this paper, we present spectral energy distributions (SEDs) for optical-to-radio counterparts to five submillimeter sources that were detected in our 2 arcmin 2 1.1-mmdeep survey of the Subaru/XMM-Newton Deep Survey Field (SXDF; Furusawa et al. 2008 ) using ALMA (Project ID: 2012.1.00756.S, PI: K. Kohno) to understand their contribution to the infrared extragalactic background light and cosmic SFRD. We also discuss their multi-wavelength properties. Our survey field was also covered by the UKIRT Infrared Deep Sky Survey Ultra-Deep Survey (UDS; Lawrence et al. 2007 ) and Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011 ). This paper is structured as follows. Section 2 presents the 1 Fujimoto et al. (2016) also used gravitational magnification from lensing clusters, and their survey area was ∼ 0.5 arcmin 2 (source-plane).
ALMA observations and multi-wavelength data used in this study. Section 3 presents the results of the multi-wavelength counterpart identification of the ALMA sources. Section 4 derives the photometric redshift, stellar mass (M * ), SFRs, and sSFRs and presents the optical-to-radio SEDs. Sections 5 and 6 are devoted to the discussion and summary, respectively. Throughout this paper, we assume a Λ cold dark matter cosmology with ΩM = 0.3, ΩΛ = 0.7, and H0 = 70 km s −1 Mpc −1 .
All magnitudes are given according to the AB system.
Multi-wavelength images

ALMA observations and source identifications
Here, we briefly summarize the ALMA data; the details will be given in a subsequent paper (Kohno et al. in preparation; see also Tadaki et al. 2015; Kohno et al. 2016; Hatsukade et al. 2016 (Hatsukade et al. 2016, Kohno et al. in preparation) . From the ALMA map, we extracted five significant sources with a signal-to-noise ratio of S/N > 5 (hereafter SXDF-ALMA1, 2, 3, 4, and 5; table 1, see also Kohno et al. 2016) 2 . Two of the five sources (SXDF-ALMA1 and 2) were detected as a single bright SMG (S1.1 mm = 3.5 2 Hatsukade et al. (2016) report an additional source with S/N = 5, which is detected as SXDF-ALMA6 with S/N = 4.7 in Kohno et al. (2016) . We do not discuss this source in multi-wavelength context here, because it has no counterpart at multi-wavelength images. 
SXDF-ALMA1
Optical-to-near-infrared images
In order to characterize the stellar properties of the ALMA sources, we used archival optical-to-near-infrared images collected by ground-based and space-borne facilities such as Subaru, the Very Large Telescope (VLT), the Hubble Space Telescope (HST), and the Spitzer Space Telescope (Spitzer). We describe the details of the optical/near-infrared data below.
Ground-based telescopes
Optical ground-based imaging observations of the UDS field were made with Subaru/Suprime-Cam (Miyazaki et al. 2002) using five wideband filters (BVRci'z') as part of Subaru/XMMNewton Deep Survey (Furusawa et al. 2008) . These data reached 3σ limiting magnitudes of B = 28.4, V = 27.8, Rc = 27.7, i ′ = 27.7, and z ′ = 26.6 with a 1 arcsec radius aperture (Furusawa et al. 2008) . The CANDELS UDS field was also observed as part of the HAWK-I UDS and GOODS-S survey (HUGS; VLT large program ID: 186.A-0898, Fontana et al. 2014 ) with two nearinfrared broadband filters (Y and Ks). The data reached 5σ limiting magnitudes of Y = 27.05 and Ks = 26.16 with 0.42 and 0.36 arcsec radius apertures (Galametz et al. 2013 ).
HST
The HST data were taken with the Advanced Camera for Surveys (ACS; Ford et al. 1998 (Koekemoer et al. 2011 ).
Spitzer/IRAC
We use Spitzer/InfraRed Array Camera (IRAC; Fazio et al. 2004) data. Channel 1 (3.6 µm) and Channel 2 (4.5 µm) data were from the Spitzer Extended Deep Survey (SEDS; PI: G. Ashby et al. 2013) , and Channel 3 (5.6 µm) and Channel 4 (8.0 µm) data were from the Spitzer UKIDSS Ultra Deep Survey (SpUDS; PI: J. Caputi et al. 2011) . These images reached 5σ limiting magnitudes of 24.72, 24.61, 22.30, and 22 .26 with 1.9, 1.9, 2.08, and 2.20 arcsec radius apertures at 3.6, 4.5, 5.8, and 8.0 µm, respectively (Galametz et al. 2013 ).
mid-infrared-to-radio images
Here, we summarize mid-infrared to radio images, which we retrieved from public archives.
Spitzer/MIPS
We also used the Multiband Imaging Photometer for the Spitzer (MIPS; Rieke et al. 2004 ) 24 µm image from SpUDS. The final Spitzer/MIPS image is publicly available via the NASA/IPAC Infrared Science Archive. 4 The image reached a 3σ limiting magnitude of 19.9 (details of our photometry are explained in section 3.2).
Herschel/PACS and SPIRE
The far-infrared to submillimeter Herschel images were taken with the Photodetector Array Camera and Spectrometer (PACS) at 100 and 160 µm (Poglitsch et al. 2010 ) and with the Spectral and Photometric Imaging Receiver (SPIRE) at 250, 350, and 500 µm (Griffin et al. 2010) as part of the Herschel Multitiered Extragalactic Survey (HerMES 5 ; see Oliver et al. 2012, for details). These images were retrieved from the Herschel Science Archive. The 5σ instrument sensitivity (ignoring confusion noise) was 6.8, 12.9, 11.2, 9.3, and 13.4 mJy at 100, 160, 250, 350, and 500 µm, respectively (Oliver et al. 2012) .
Note that Herschel/SPIRE on sky images is dominated by confusion noise because of the large beam size (18.1 arcsec, 25.2 arcsec, and 36.6 arcsec for 250, 350, and 500 µm; Griffin et al. 2010) . In HerMES, the confusion noise of Herschel/SPIRE is calculated from images of the GOODS-N, Lockman-North, and Lockman-SWIRE fields (Nguyen et al. 2010) . Here, we adopted their confusion noise of 5σ = 24.0, 27.5, and 30.5 mJy at 250, 350, and 500 µm, respectively.
Radio images
Radio images at 1.4 GHz and 6 GHz were obtained by using the Very Large Array (VLA) and the Karl G. Jansky Very Large Array (JVLA), respectively. The details on the VLA 1.4 GHz observations are given by Arumugam et al. (in preparation) . The synthesized beam size for this 1.4 GHz image was 1.8 arcsec × 1.6 arcsec with a position angle of the −3
• . The 1.4 GHz image reached a 1σ uncertainty of 8 µJy. On the other hand, the JVLA 6 GHz observations can be presented by Tadaki et al. (in preparation) . The synthesized beam size was 0.5 arcsec × 0.4 arcsec with a position angle of −3
• . The 6 GHz image reached a 1σ uncertainty of 0.72 µJy.
X-ray images
Ueda et al. (2008) presented an X-ray source catalog for the SXDF-UDS-CANDELS field using the XMM-Newton satellite. The sensitivity limit of the catalog reached 6 × 10 −16 , 8 × 10 −16 , 3 × 10 −15 , and 5 × 10 −15 erg cm −2 s −1 in the 0.5-2, 0.5-4.5, 2-10, and 4.5-10 keV bands, respectively. The five ALMA sources are not listed in the catalog.
Counterpart identification and photometry
3.1 Optical-to-near-infrared counterparts and photometry Figure 1 shows the HST 3 color image (for red: WFC3/F160W, for green: WFC3/F125W, for blue: ACS/F814W), WFC3/F125W, WFC3/F160W, HAWK-I/Ks, Spitzer/IRAC 3.6 µm, 4.5 µm, and ALMA Band 6 images overlaid with the ALMA contours. All five ALMA sources had counterparts in at least four independent bands. The WFC3/F160W counterparts to four of the five ALMA sources (SXDF-ALMA1, 2, 4, and 5) were already identified in the catalog presented by Galametz et al. (2013) (H ≃ 22.4-24.5). Although SXDF-ALMA3 is not cataloged in Galametz et al. (2013) , it was marginally detected (4.2σ, H = 25.30 ± 0.25) with WFC3/F160W (details of our photometry are explained later in this section). We found that SXDF-ALMA1 and SXDF-ALMA2 coincide with the cataloged Hα emitters (HAEs) having narrowband redshifts of z = 2.53 ± 0.02 (Tadaki et al. 2013 ).
We used the Image Reduction and Analysis Facility (IRAF; Tody 1993) to measure the flux densities of the counterparts in the optical-to-near-infrared images. First, to account for the point spread function (PSF) difference between images, images were PSF-matched using the IRAF task GAUSS. Except for the Spitzer/IRAC images, we adopted the Gaussian PSF with a full width at half maximum of 1 arcsec. Spitzer/IRAC images were PSF-matched to the 8.0 µm band image, which had the poorest angular resolution among the IRAC bands at 2.2 arcsec.
Next, we performed optical-to-near-infrared photometry with a 2 arcsec diameter aperture at the position of the ALMA sources using the IRAF task APPHOT. We corrected the aperture correction using the same procedure described by Ono et al. (2010) . We measured fluxes for 20 bright point sources in a series of diameter apertures from 2 arcsec up to 6 arcsec with an interval of 0.1 arcsec. Since we found that the fluxes level off for > 5 arcsec diameter apertures, we defined 5 arcsec diameter aperture magnitudes as total magnitudes. Then, we selected 100 point sources, measured fluxes over 2 and 5 arcsec diam-eter apertures, and calculated an accurate offset between these two aperture magnitudes as the aperture correction term. We estimated the flux uncertainties by using the SDFRED (Yagi et al. 2002; Ouchi et al. 2004 ) task LIMITMAG. Table 1 lists the photometry results.
Note that Tadaki et al. (2015) used the optical-to-nearinfrared photometry of SXDF-ALMA1 and 2 from the photometry catalog presented by Skelton et al. (2014) , which follows a different photometric procedure from ours. We did not use their photometry because we preferred comparing all of the ALMA sources in the same manner. Moorsel et al. 1996 ) to perform the JMFIT task. For non-detection, we set a 3σ upper limits. Table 1 summarizes the results. We present the mid-infrared-to-radio properties of individual ALMA sources below.
mid-infrared-to-radio counterparts and photometry
SXDF-ALMA1 and 2: SXDF-ALMA1 and 2 are close to each other; the separation is ∼ 10 arcsec, which may cause significant blending with each other in the mid-infrared-to-farinfrared bands. They were both detected at 24 µm (18.66±0.12 mag and 18.82 ± 0.13 mag, respectively). In the SPIRE images, it is likely that SXDF-ALMA1, 2, and a nearby MIPS source are blended, which resulted in a single cataloged SPIRE source of J021740.9−051309 (Oliver et al. 2012) . Therefore, we simply placed 5σ upper limits on the SPIRE photometry at the positions of SXDF-ALMA1 and 2. The sum of the 1.1 mm flux density of the two sources (S1.1mm = 3.4 ± 0.2 mJy) showed good agreement with the flux density of the blended AzTEC/ASTE source (S1.1mm = 3.5 +0.6 −0.5 mJy; Ikarashi et al. in preparation). SXDF-ALMA1 was detected at 6 GHz (S6GHz = 12.0 ± 2.9 µJy), but SXDF-ALMA2 had no counterpart in the radio images.
6 http://irsa.ipac.caltech.edu/data/SPITZER/docs/mips/mipsinstrumenthandbook/ SXDF-ALMA3: SXDF-ALMA3 was only detected at 6 GHz (S6GHz = 10.0 ± 2.8 µJy). The interpretation is given in the following sections.
SXDF-ALMA4: This object was detected not at 24 µm but at 6 GHz and 1.4 GHz with 23.0 ± 2.5 µJy and 50.09 ± 7.45 µJy, respectively. In SPIRE bands, this source was heavily blended with a nearby 24 µm source (with a separation of ∼ 8 arcsec), and the blended source was identified as J021742.5−051406 (Oliver et al. 2012) .
SXDF-ALMA5: SXDF-ALMA5 was detected in the MIPS 24 µm band (19.53 ± 0.26 mag), although it was not detected in the Herschel and radio images.
Multi-wavelength SED
4.1 SED fitting at optical-to-near-infrared wavelengths
Photometric redshift calculation
We estimated the photometric redshifts of the ALMA sources.
To derive the photometric redshifts and check their reliability, we used two different SED fitting codes: HYPERZ (Bolzonella et al. 2000) and EAZY (Brammer et al. 2008) . They both compute the χ 2 statistic for a set of SED models to the observed photometry, but EAZY includes the optional flux-and redshift-based priors (see Brammer et al. 2008 , for details). Confidence intervals were obtained by integrating the posterior redshift probability distributions (see Brammer et al. 2008 , for details). The following parameters were considered for SED fitting. The redshift range was set to z = 0-7. Extinction is considered with the range of AV = 0-5 mag in increments of 0.5 mag, and we adopted the Calzetti extinction law (Calzetti et al. 2000) . For HYPERZ, we utilized the SED templates of Bruzual & Charlot (1993) for elliptical, Sb, burst, constant, and star formation (Im). For EAZY, SED templates of Bruzual & Charlot (2003, hereafter BC03) were used. In the case of non-detection, we adopted the nominal photometric value with 1σ uncertainty during the SED fitting. Table 2 summarizes the derived photometric redshifts. Figure 3 shows the best-fit SEDs of the ALMA sources. Throughout this paper, we use the 99% confidence intervals to represent the uncertainty of the photometric redshift estimates, as done in previous works (e.g., Wardlow et al. 2011; Simpson et al. 2014) . The photometric redshifts estimated by HYPERZ and EAZY agreed within the errors, and no systematic offsets between the two were found. Note that the photometric redshift errors derived by HYPERZ tend to be underestimated because the χ 2 distribution is not a realistic description of the true photometric redshift error distribution (Oyaizu et al. 2008) . Therefore, we discuss the results from EAZY in the following sections. Consequently, we obtained the photometric redshifts of SXDF-ALMA1, 2, 4, and 5 (z photo = 2.27 50" x 50" 50" x 50"
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Estimation of stellar masses
We estimated the stellar masses of SXDF-ALMA1, 2, 4, and 5, for which reliable SED fits were obtained. The SED fitting at optical-to-near-infrared wavelengths was done by using the FAST code (Kriek et al. 2009) , which is compatible with EAZY, to derive the stellar masses. In the SED fitting, the templates were taken from the population synthesis model of BC03 with a solar metallicity in accordance with previous research on faint SMGs (e.g., Tadaki et al. 2015) . Here, we assumed the Chabrier initial mass function (IMF; Chabrier 2003), the Calzetti extinction law, and exponentially declining star formation histories. Following the recipe presented by Wuyts et al. (2011) , we used the e-folding timescale of SFRs τ ≥ 300 Myr for fitting. This is because Wuyts et al. (2011) suggested that setting τ ≥ 300
Myr yields the most reasonable SED fits for star-forming galaxies. For SXDF-ALMA1 and 2, we fixed the redshifts to the narrowband redshifts, while we used the photometric redshifts estimated by EAZY for SXDF-ALMA4 and 5. Table 2 summarizes the results from the SED fitting using FAST.
To constrain the stellar mass of SXDF-ALMA3, we derived it by using a mass-to-light ratio obtained in the rest-frame Hband, as done in previous works (e.g., Hainline et al. 2011; Wardlow et al. 2011; Simpson et al. 2014 ). There are several benefits to using a rest-frame H-band magnitude. The cooler low-mass stars that dominate the stellar mass of a galaxy emit most of their light at red optical and near-infrared wavelengths. In addition, the rest-frame H-band is less sensitive to dust extinction than rest-frame optical bands and is less affected by thermally pulsating asymptotic giant branch stars than the restframe K-band according to Hainline et al. (2011) , who utilized BC03 SED templates with Chabrier IMF and obtained M * /LH = 0.17 and 0.13 M⊙ L⊙ −1 for constant and single-burst star formation histories, respectively (LH is the rest-frame H-band luminosity without extinction correction). Here, we adopted the average value M * /LH = 0.15 M⊙ L⊙ −1 of these two extreme cases. If we assumed that SXDF-ALMA3 lies at z = 2, 3, or 4 and used LH obtained from the rest-frame H-band magnitudes in table 2, the stellar masses were estimated to be ∼ 5 × 10 9 , < 2×10 10 , and < 6×10 10 M⊙, respectively (the inequality sign represents the 3σ upper limit). Despite the redshift uncertainty, the constraints favored a lower stellar mass for SXDF-ALMA3 than for the other ALMA sources. This can be one of the reasons why it is faint at optical-to-near-infrared wavelengths.
Estimation of SFRs
We computed their SFRs by summing the ultraviolet SFRs (SFRUV) and infrared SFRs (SFRIR) based on the work of Kennicutt (1998):
where L2800 is the rest-frame 2800Å luminosity. To derive their total infrared luminosities, we used the mid-infrared-tofar-infrared SED templates from Dale & Helou (2002) , which are often applied to dusty star-forming galaxies observed by Herschel (e.g., Chapman et al. 2010; Magnelli et al. 2014; Ilbert et al. 2015) , scaled to the observed flux densities at 1.1 mm (S 1.1mm; total ). We assumed the dust temperatures T dust = 20-35 K (for SXDF-ALMA4, T dust = 20-30 K; see Appendix for details) and an emissivity index β = 1.5, which is a typical value for z ∼ 1-2 star-forming galaxies (e.g., Elbaz et al. 2011; Symeonidis et al. 2013) .
To consider a variety of SEDs, we also estimated LIR by assuming the template SED of the well-studied starburst galaxy Arp220 (Silva et al. 1998 ) and a typical SED of SMGs from Pope et al. (2008) . We found that the obtained values were within the uncertainties presented in table 2. Note that we only used the observed flux densities at 1.1 mm. Therefore, the derived values should have large systematic uncertainties. We also obtained sSFR by using their ultraviolet + infrared SFRs and stellar masses. Table 2 summarizes the derived values. Figure 4 plots the optical-to-radio SEDs of the ALMA sources. Because SXDF-ALMA1, 2, and 4 suffered from heavy contamination in the Herschel SPIRE photometry (see section 3.2 and figure 2), we plotted nominal values of SPIRE photometry with the blue dots with arrows, which should be regarded as upper limits. For comparison, we also plotted two different template SEDs modeled by Silva et al. (1998) : a dusty starburst galaxy (Arp220) and spiral galaxy (M51). They also differ in dust temperature: T dust = 47 K for Arp220 (Klaas et al. 1997) and T dust = 24.9 K for M51 (Mentuch Cooper et al. 2012) . For the solid lines, the redshifts were fixed to the best-fit photo- 12.0 ± 2.9 < 2.16 10.9 ± 2.8 23.0 ± 2.5 < 2.16 VLA 1.4 GHz [µJy] < 24 < 24 < 24 50.9 ± 7.45 < 24 Notes.
Optical-to-radio SED
footnotesize Inequality signs represent the 3σ limits of photometry. We did not use Subaru data in SXDF-ALMA3 because of the contamination from a nearby source.
* The sky positions of our ALMA sources adopted from Kohno et al. (in preparation) . † The 1.1 mm observed peak flux densities (primary beam collected) presented in Kohno et al. (in preparation) . ‡ The 1.1 mm observed spatially integrated flux densities (primary beam collected) presented in Kohno et al. (in preparation) . § The sky positions of F160W counterparts derived from F160W-selected catalog (Galametz et al. 2013) .
SPIRE photometry using the HIPE task sourceExtractorSussextractor at the ALMA position. The errors were estimated by adding the 1σ confusion errors and instrumental errors in the quadrature.
metric redshifts estimated by EAZY. To account for the redshift uncertainties, we also plotted the template SEDs for which the redshift was fixed to the lower and upper boundaries of the 99% confidence intervals. These SEDs were scaled to the flux densities at 1.1 mm. As shown in figure 4 , the photometric redshifts from opticalto-near-infrared photometry and resulting SEDs extended to far-infrared produced a reasonable model for the dust emission. The optical-to-radio SEDs of the ALMA sources seems to match Arp220 better than M51. In particular, the rest-frame ultraviolet+optical SEDs show evidence for more obscured young stellar population than the local disk galaxies like M51, as expected. Previously, da Cunha et al. (2015) have suggested that the average SED of SMGs identified in the ALMA follow-up observation of the LABOCA Extended Chandra Deep Field South surveys (ALESS; Hodge et al. 2013 ) is inconsistent with Arp220, especially optical to near-infrared wavelengths. The SEDs of these ALMA sources are more like the local ultraluminous infrared galaxies than ALESS SMGs.
As shown in figure 2, SXDF-ALMA1, 2, and 4 were heavily blended with nearby MIPS sources in the Herschel/SPIRE bands, which suggests that their flux densities were overestimated. At z ∼ 1.3, a silicate absorption feature at rest frame 9.7 µm shifted into the MIPS 24 µm band. This may be why SXDF-ALMA4 was not detected at MIPS 24 µm. The local (ultra-)luminous infrared galaxies exhibited a broad silicate absorption feature at rest frame 9.7 µm (e.g., Armus et al. 2007; Pereira-Santaella et al. 2010) . The silicate absorption feature is known to merely require a mass of warm dust obscured by a significant column of cooler dust (e.g., Magdis et al. 2011 ). SXDF-ALMA4 was detected at 1.4 GHz, and the photometry is consistent with the SED template of Arp220. This suggests that 
Notes. * Photometric redshifts with 99% confidence intervals calculated by using EAZY with flux-and redshift-based priors. † Photometric redshifts with 99% confidence intervals calculated by using HYPERZ. ‡ Narrowband redshifts derived from Hα observations (Tadaki et al. 2013) . § Stellar masses and visual extinction estimated from the SED fitting code FAST with 99% confidence intervals.
infrared luminosities based on the mid-infrared-to-far-infrared SED templates by Dale & Helou (2002) . See the Appendix for details. # SFRs obtained from their infrared luminosities. * * SFRs obtained from their infrared luminosities. † † SFRUV + SFRIR ‡ ‡ sSFRs obtained from their SFRUV+IR and stellar masses. the dust temperature is higher than the assumed T dust = 20-30 K (see the Appendix for details).
The far-infrared-to-radio SED of SXDF-ALMA3 may place a more stringent constraint on the redshift than the optical/nearinfrared photometric one. As shown in figure 4 , the upper limits and 6 GHz photometry suggest that this object is located at z ≃ 2-3 if the SED is similar to M51 and Arp220.
Discussion
Contribution to the infrared extragalactic background light
Owing to the high sensitivity and high angular resolution observations with ALMA, 50%-100% of the infrared extragalactic background light has been claimed to be resolved if we go down to ∼ 0.1-0.02 mJy (e.g., Hatsukade et al. 2013; Ono et al. 2014; Carniani et al. 2015; Fujimoto et al. 2016) . From the summation of the 1.1 mm flux densities of all of our ALMA sources and the survey area (2 arcmin 2 ), the contribution of the ALMA sources to the infrared extragalactic background light was estimated to be∼ 10 +6 −4 Jy deg −2 , which corresponds to ∼ 40
+24
−16 % of the infrared extragalactic background light obtained by Fixsen et al. (1998) Puget et al. (1996, 18 .5 Jy deg −2 ). In the subsequent discussion, we adopt the Fixsen et al. value for the infrared extragalactic background light, but we caution that there exist uncertainties (likely systematic) in the COBE measurements. Because of the numbers of our sources, we used the Poisson uncertainty values presented by Gehrels (1986) . The completeness in the flux range of ALMA sources was ∼ 100% (Hatsukade et al. 2016) .
Note that this value can be overestimated because our observation field was selected to include a single bright SMG (Ikarashi et al. in preparation) and a chain of HAEs at z = 2.5 (Tadaki et al. 2013; Tadaki et al. 2015) . Given that SXDF-ALMA1 and 2 were identified as an AzTEC/ASTE source (Ikarashi et al. in preparation) and HAEs (Tadaki et al. 2013) , it is better to exclude SXDF-ALMA1 and 2 when discussing the real contribution of the ALMA sources to the infrared extragalactic background light. The contributions of SXDF-ALMA3, 4, and 5 to the infrared extragalactic background light were estimated to be ∼ 4.1
−12 % of the infrared extragalactic background light obtained by the COBE satellite. This suggests that their contribution to the infrared extragalactic background light is as large as that of bright SMGs (S1.1mm ≥ 1.0 mJy, ∼ 2.9 Jy deg −2 ;
Hatsukade et al. 2011). Although our survey area was small and may have been affected by cosmic variance, these results suggest that bright (S1.1mm ≥ 1 mJy) sources and faint SMGs with 0.5 mJy < S1.1mm < ∼ 1.0 mJy, which is the flux range of the ALMA source, seem to contribute ∼ 28 +22 −12 % to the infrared extragalactic background light. These results suggest that faint SMGs with S1.1mm < ∼ 0.5 mJy are major contributors to the infrared extragalactic background light. The results of stacking analysis of near-infrared selected galaxies with S1. 2). For comparison, we plotted SED templates of Arp220 and M51 (Silva et al. 1998) . The SED templates were scaled to the flux densities at 1.1 mm. The redshifts were fixed to the best-fit values estimated by EAZY (solid lines) and the lower and upper limits of the 99% confidence intervals.
mJy will be discussed in our upcoming paper (Wang et al. in preparation) .
Contribution to the cosmic SFRD
Substantial attempts have been made with Herschel to resolve the redshift evolution of the contribution of infrared selected galaxies up to the z = 3 (Burgarella et al. 2013) . Burgarella et al. (2013) estimated the cosmic infrared SFRD from the infrared luminosity functions inferred from Herschel observations and found that the contribution peaks at z = 1.35, which accounts for 89% of the total cosmic SFRD of 1.1 × 10 −1 M⊙ yr
Mpc −3 (using Chabrier IMF). However, they used the extrapolate infrared luminosity functions below the confusion limit of Herschel (e.g., LIR < ∼ 10 12 L⊙ at z ≃ 2) to estimate the cosmic infrared SFRD. Wardlow et al. (2011) derived infrared luminosity functions of SMGs detected by the LABOCA Extended Chandra Deep Field South surveys (LESS; Weiß et al. 2009 ). However, they also did not investigate the luminosity range of LIR < ∼ 10 12 L⊙.
ALMA sources with (photometric) redshifts allow the constraint on the contribution from a faint (LIR < ∼ 10 12 L⊙) population of star-forming galaxies. In addition, the contribution from galaxies undetected by Herschel can be estimated. We simply assume that the ALMA sources lie in the redshift interval of 1 < z < 4 (co-moving volume: Vcom ∼ 1.9 × 10 4 Mpc 3 ) to cover the redshift uncertainties of the ALMA sources. Then, we estimate the contribution from all of the ALMA sources, including SXDF-ALMA1 and 2, on the basis of SFRs simply derived from the 1.1 mm flux densities (section 4.2). Considering the uncertainty in T dust (see section 4.2 and Appendix), the inferred infrared SFRD for 1 < z < 4 is ∼ (0.9-5) ×10 −2 M⊙ yr −1 Mpc −3 , which accounts for ∼ 10-70% of the average infrared SFRD at 0.9 < z < 3.6 as estimated by Herschel (using Chabrier IMF, ∼ 7 × 10 −2 M⊙ yr −1 Mpc −3 ; Burgarella et al. 2013 ). If we exclude SXDF-ALMA1 and 2 to avoid the contribution of the known AzTEC source, then the infrared SFRD for 1 < z < 4 is estimated to be ∼ (0.3-2) ×10 −2 M⊙ yr M⊙ yr −1 Mpc −3 using Chabrier IMF; Wardlow et al. (2011) ].
These results imply that the ALMA sources play an important role in the cosmic SFRD, even if we exclude the contribution of the known AzTEC source at 1 < z < 4. Note that our results can be affected by the cosmic variance and clustering because of our small survey area. Therefore, future ALMA large surveys will provide a stronger constraint on the role of faint SMGs in the cosmic SFRD. . SFRs derived from ultraviolet and infrared luminosities plotted against their stellar masses. The diamond, hexagon, circle, and square symbols represent SXDF-ALMA1, 2, 4, and 5, respectively. The solid line indicates the main sequence for star-forming galaxies at 1.4 < z < 2.5 as defined by Daddi et al. (2007) . The dashed line indicates the loci 10 times above the main sequence. The black crosses indicate ALESS sources at 1.3 < z < 2.5 from da Cunha et al. (2015) . The magenta triangles are faint 1.3 mm sources detected by ALMA (Hatsukade et al. 2015) . Note that Hatsukade et al. (2015) used 68% confidence intervals, whereas we used 99% confidence intervals. The brown inverted triangles are the average values of BzK galaxies derived from the PACS stacking analysis (Rodighiero et al. 2015) . The green and yellow stars indicate when SXDF-ALMA3 lay at z = 2 and SXDF-ALMA3 lay at z = 3, respectively. Note that the stellar mass of SXDF-ALMA3 at z = 3 was at the 3σ upper limit because the rest-frame H-band was not detected. Chen et al. (2014) inferred that there are many submillimeter sources that are difficult to detect in deep optical/near-infrared surveys like SXDF-ALMA3. Indeed, submillimeter sources which have no counterparts at optical/near-infrared wavelengths have been reported (e.g., Wang et al. 2007; Smolčić et al. 2012; Simpson et al. 2014; Dunlop et al. 2016 ). However, their real contributions to the cosmic infrared SFRD is still uncertain. The contribution of SXDF-ALMA3 to the cosmic infrared SFRD may be ∼ 0.1-1 ×10 −2 M⊙ yr −1 Mpc −3 or ∼ 1%-10% of the average infrared SFRD at 0.9 < z < 3.6 as estimated by Herschel (∼ 7 × 10 −2 M⊙ yr −1 Mpc −3 ) if this object lies somewhere in the redshift interval of 1 < z < 4.
Star formation properties of the ALMA detected sources
Determining the star-forming properties of faint SMGs is important to understand the evolution of the cosmic SFRD because they are main contributors to the cosmic SFRD. We investigated the star formation mode of faint SMG counterparts to check whether or not their star-forming properties are similar to starburst galaxies or not. Figure 5 plots the total SFRs (SFRUV + SFRIR) of SXDF-ALMA1, 2, 4, and 5 as functions of their stellar mass. We also show the average values of BzK galaxies derived by the PACS stacking analysis (Rodighiero et al. 2015) , SMGs identified in ALESS surveys (Hodge et al. 2013 ) at 1.3 < z < 2.5, and faint 1.3 mm sources detected with ALMA (Hatsukade et al. 2015) . We plotted SFRs of the ALESS sources obtained by da Cunha et al. (2015) by fitting SEDs at ultraviolet to radio wavelengths. This figure shows that SXDF-ALMA1, 2, 4, and 5 are located in the main sequence. This means that they are more like "normal" star-forming galaxies rather than extremely starburst galaxies. These results are consistent with those of Koprowski et al. (2014) and Hatsukade et al. (2015) . Note that the total SFR of SXDF-ALMA1 should be treated as an upper limit because we used the 3σ upper limit value as its SFRUV. However, this does not affect our results because the SFRUV of SXDF-ALMA1 is negligible compared to its SFRIR (see table  2 ).
Figure 5 also shows the constraints of the stellar mass and SFR of SXDF-ALMA3. The results imply that SXDF-ALMA3 is an starburst galaxy with a small stellar mass compared to bright SMGs (M * ∼ 9.0 × 10 10 M⊙ using Chabrier IMF; Hainline et al. 2011) . Submillimeter sources such as SXDF-ALMA3 have been missed in previous deep optical/NIR surveys and submillimeter single-dish surveys. Future spectroscopic identification of such sources using ALMA is highly encouraged.
Finally, we compared our results with the theoretical predictions obtained by recent simulations and semi-analytical models. Béthermin et al. (2012) empirically predicted the number counts at far-infrared and millimeter wavelengths from midinfrared and radio number counts and suggested that galaxies with S1.1mm < ∼ 1 mJy are more likely to be associated with main sequence star-forming galaxies by using the SED library based on Herschel observations. From a theoretical point of view, Hayward et al. (2013) predicted the number counts at submillimeter wavelengths from a semi-empirical model with three-dimensional hydrodynamical simulations and three-dimensional dust radiative transfer and also suggested that galaxies with S1.1mm < 1 mJy are more likely to be associated with main sequence star-forming galaxies. These predictions are consistent with our results that two of the three faint SMGs (SXDF-ALMA4 and 5) are main sequence star-forming galaxies, as shown in figure 5.
Summary
We detected five submillimeter sources (S1.1mm = 0.54-2.02 mJy) in the SXDF-UDS-CANDELS field by using ALMA. The two brightest sources correspond to a known single-dish (AzTEC) selected bright SMG, whereas the remaining three are faint SMGs newly uncovered by ALMA. Our main results are as follows:
• If we exclude SXDF-ALMA1 and 2 to avoid the contribution of the known AzTEC source, the contribution of the faint SMGs to the infrared extragalactic background light is estimated to be ∼ 4.1 +5.4 −3.0 Jy deg −2 , which corresponds to ∼
16
+22
−12 % of the infrared extragalactic background light. This suggests that their contribution to the infrared extragalactic background light is as large as that of bright SMGs (S1.1mm ≥ 1.0 mJy, ∼ 2.9 Jy deg −2 ; Hatsukade et al. 2011 ).
• The infrared SFRD of SXDF-ALMA3, 4, and 5 for 1 < z < 4 is estimated to be ∼ (0.3-2) ×10 −2 M⊙ yr −1 Mpc −3 . This value is as large as the contribution to infrared SFRD of bright SMGs at z ≃ 2-3.
• For four of the five ALMA sources (SXDF-ALMA1, 2, 4, and 5), we obtained the photometric redshifts and M * by SED fitting at optical-to-near-infrared wavelengths: z photo ≃ 1.3-2.5, M * ≃ (3.5-9.5) ×10 10 M⊙. The SFRs were estimated from ultraviolet and infrared luminosities as follows: SFRUV+IR ≃ 30-200 M⊙ yr −1 . We also obtained their sSFRs (≃ 0.8-1 Gyr −1 ). The derived values indicate that they are more like "normal" star-forming galaxies than starburst galaxies.
• SXDF-ALMA3 is faint in the optical-to-near-infrared (H = 25.30 ± 0.25), despite its infrared luminosity (LIR ≃ 1 × 10 12 L⊙ or SFR ≃ 100 M⊙ yr −1 ). The optical-to-radio SED suggests that this object is located at z ≃ 2-3. The inferred stellar mass (M * ∼ 5 × 10 9 or < 2 × 10 10 at z = 2 or z = 3, respectively) was likely to be smaller than that of the other ALMA sources. These results suggest that this object may be an starburst galaxy with a small stellar mass at z ≃ 2-3. The contribution of SXDF-ALMA3 to the cosmic SFRD may be ∼ 1%-10% of the infrared SFRD.
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Appendix. Estimation of infrared luminosities
As described in section 4.2, we used the SED templates obtained by Dale & Helou (2002) to estimate infrared luminosities of the ALMA sources. Figure 6 plots the SED templates scaled to the observed flux densities at 1.1 mm (S 1.1mm total ). Here, we show the SED templates with T dust = 20, 25, 30, 35, 40, and 45 K. The ALMA sources were not detected at Herschel/PACS 100 µm and 160 µm. As shown in the figure, the 3σ upper limits on Herschel/PACS photometry could place a stringent constraint on T dust . The upper limits on the Herschel/PACS photometry are clearly below the SED templates with T dust = 40 and 45 K. For SXDF-ALMA4, they are clearly below the SED templates with T dust = 35, 40, and 45 K. Therefore, we assumed T dust = 20-35 K (T dust = 20-30 K for SXDF-ALMA4) to estimate the infrared luminosities of ALMA sources.
For each ALMA source, we integrated SED templates with T dust = 20, 25, 30, and 35 K (T dust = 20, 25, and 30 K for SXDF-ALMA4) between the rest-frames 8 and 1000 µm and adopted the average, minimum, and maximum values as the infrared luminosity, lower limit of the infrared luminosity, and upper limit of the infrared luminosity, respectively. Dale & Helou (2002) scaled to the observed flux densities at 1.1 mm (S 1.1mm total ). The blue, green, red, cyan, magenta, and yellow solid lines indicate SED templates with T dust = 20, 25, 30, 35, 40, and 45 K, respectively. The red circles are the observed flux densities at 1.1 mm. The black arrows represent the 3σ upper limits on Herschel/PACS 100 µm and 160 µm.
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